When inorganic carbon is converted to living matter during photosynthesis, there is an isotope effect and the carbon-containing compounds of cells have a slightly lower C13 concentration than the carbonate and carbon dioxide of the environment.' Craig2 has reviewed the existing data on carbon isotope abundances in nature. Park and Epstein3 4 have recently reported on some carbon isotope fractionations in plants grown in the laboratory.
The effect of isotopic substitution on the physicochemical properties of molecules has been well studied for inorganic and nonbiological organic systems.5
The relative rates of photosynthesis of the C13-and C'2-containing molecules are of a similar order of magnitude as observed for reactions involving formation or rupture of carbon bonds. Although it may be difficult to achieve precise understanding of the carbon isotope effect in living systems, the more qualitative and descriptive features are interesting and have already been the subject of geochemical speculation. Thus, Epstein and Silverman6 have made extensive measurements on petroleum and petroleum fractions. Since marine organisms tend to have a slightly higher concentration of C13 than nonmarine forms, carbon isotope measurements may be important to investigations of the origin and migration of petroleum. In a study of a Finnish Precambrian formation, Rankama7 observed that a problematic fossil, Coryecium enigmaticum (probable age >1.4 X 109 years) has carbon which is depleted in C13 similar to present organic carbon. Rankama's conclusion concerning early life obtained from this evidence has been discussed by Craig.8 Detailed study of this effect might produce information relevant to photosynthesis, biosynthesis, and comparative biochemistry. Accordingly, we have investigated carbon isotope fractionation in a variety of photosynthetic and nonphotosynthetic organisms, including some grown in the laboratory under controlled conditions and some that had grown in a natural environment.
A typical experiment consisted of (1) culturing the organisms, (2) extracting the lipides, (3) hydrolyzing the proteins, (4) separating pure amino acids by ion-exchange chromatography, (5) combusting a portion of the amino acids to carbon dioxide, (6) decarboxylating a portion of the amino acids with ninhydrin and purifying the liberated carbon dioxide, and (7) performing an isotopic analysis on the .Experimental.-The major effort was devoted to study of photosynthetic organisms grown on completely inorganic media, the sole source of carbon being carbon dioxide fed to the system. Thus, any isotope fractionation could be related to a known starting material. Chlorella pyrenoidosa (ATTC 11469) and Scenedesmus quadricauda were grown in a solution containing KNO3, MgSO4, KH2PO4, and trace metals9 and were fed 5 per cent carbon dioxide and 95 per cent air while agitated under constant illumination. Anacystis nidulens and Anabena sp. were grown on BGM medium consisting of KNO3, MgSO4, NaCl, CaCl2, K2HPO4, and trace metals at pH 8.5. Euilena gracilis was grown on a medium at pH 4 containing mineral salts, trace elements, and the necessary amounts of thiamine and vitamin B-12. Chromatium sp. was cultured for us by M.D. Kamen and R. Bartsch of Brandeis University on a medium containing NaCl, NaHCO3, Na2S203, Na2S, Ca++, Mg++, HPO4--, and trace metals. Ochromonas danica was cultured for us on a completely inorganic medium by Dr. M. B. Allen of the Kaiser Research Foundation. The marine algae Porphyra, Gracilaria, Ulva, and Illea were collected for us from the Gulf of Mexico by Dr. P. L. Parker of the University of Texas.
After harvesting, the cells were processed immediately or lyophilized before storage. In the fractionation of algal material, lipides were removed by Soxhlet extraction with acetone, following which the residue was treated with hot trichloroacetic acid for 30 minutes to remove most of the carbohydrate. The residual protein was hydrolyzed with 6 N HCl for 18 hours. A very small amount of a mixture of C14-tagged amino acids of high specific activity was added, and the solution was dried in vacuo. The amino acids were separated by resin chromatography using an adaptation of methods devised by Stein, Moore, and Hirs.'°1 '1 Thus, Dowex-1 was first employed for the isolation of aspartic and glutamic acids. The remaining amino acids were eluted from Dowex-50 8x with 2 N HCl followed by 6 N HC1. The tagged amino acids aided materially in rapid determination of elution curves. Purity of all eluates was checked by paper chromatography. After drying in vacuo, the pure amino acids were split into two fractions. One sample was combusted completely to carbon dioxide for isotopic analysis. The other was treated with an excess of ninhydrin, and the carbon dioxide from the decarboxylation of the amino acids was collected by sweeping it into a trap cooled with liquid nitrogen.
The magnitude of the observed variations in the isotope ratios as compared with a completely random distribution is expressed in units of parts per thousand (per mil) difference in the CI3/C12 ratio compared with an arbitrary reference substance:
The carbon isotope reference material for each organism studied was the inorganic carbon of the medium in which it grew. For laboratory-cultured algae, this was the tank carbon dioxide used; for marine algae, the inorganic carbon in the ocean. The marine samples were experimentally compared with Solenhofen limestone, National Bureau of Standards isotope reference sample 20, and then normalized to the inorganic carbon in the oceans as given by Craig Studies have been carried out to examine the precision of a number of steps of the procedure. In the over-all reaction for the decarboxylation of a amino acids by ninhydrin at 100'C, there is a rupture of a carbon-to-carbon bond, and a kinetic isotope effect is possible. The ratio of the rates of decarboxylating the C12 and C'3 carboxyl groups of alanine and glutamic acid was studied by carrying out the reaction to only 2 per cent of completion and comparing this CO2 with that obtained by 100 per cent reaction. The difference observed was very small in the case of alanine. In glutamic acid, the two fractions differed by 6 = 7.8. The reproducibility of the total decarboxylation reaction was also studied. A series of six observations on the total decarboxylation of alanine obtained from Fisher Chemical Company yielded SC'3 = +0.62, +2.51, +3.08, +1.37, +1.04, and +2.69.
The standard deviation of the determination is 1.14. A similar series devoted to examination of the a carboxyl of glutamic acid yielded +3.12, +1.59, and +2.60, indicating a comparable error.
There is a possibility that carbon isotope fractionation can be produced by incomplete recovery of the fractions of amino acids as they are eluted from ion-exchange resins. This was studied by making an isotope analysis of different "cuts" of amino acid fractions. In the elution of alanine from Dowex-50, 8x, with 2 N HCl, very little, if any, isotope fractionation was found. The first 10 per cent had a 6C'3 only +0.6 different from the last 10 per cent of alanine eluted from the column. A much larger effect was noted in the elution of glutamic acid from Dowex-1 using 0.1 M HAC. The first 8 per cent had 6 = +24.2; the last 16 per cent gave S = -29.6. Thus, substantial errors in the C'3/C'2 ratio can occur from a partial yield of glutamic acid. However, no error need arise from this source if all the molecules of a given substance are eluted and pooled together.
A possible source of variability stems from differences in the physiological behavior of biological material supposedly grown under the same circumstances.
Six separate cultures of Chlorella pyrenoidosa were grown under conditions as nearly identical as possible. The cells were harvested and combusted to CO2. The results of the isotopic analyses were 6 = -23.5, -23.9, -25.8, -24.6, -22.8, -21.5. The standard deviation for this set of measurements is 1.46, which is larger than that for the combustion and isotopic analysis of algal cells. Analysis of some experiments suggests one major source of variation, the difference in concentration of CO in the growth medium. A culture of Chlorella pyrenoidosa, grown on 0.1 M KHC03 medium at pH 8.3, using only 5 per cent of the total carbon, gave cells with a = -24.4. Another culture, grown at pH 6.8 with a large excess of CO2 supplied from a 5 per cent C02, 95 per cent air, mixture using afrittedglass bubbler to saturate the solution, gave a = -25.8. A third culture, relatively poorly aerated with the same mixture, using a straight glass tubing with large bubbles, gave 6 = -11.3. Duplicate runs on the same culture of Chlorella pyrenoidosa were made to estimate the errors in measuring the isotopic composition of algae. The results are shown in Table 1 . The algae were grown under conditions of poor CO2 supply, and the C13 content of the cells is not typical. Table 2 shows results of measurements of some fractions from a number of algae.
Some general statements can be made. The C13/C12 ratio of all organisms examined was lower than that of the input carbon. The lipide fractions were even more depleted in C13, while the carboxyl carbons of the amino acids differed relatively little from the original CO2. In view of the magnitude of probable errors in measurement and other sources of variation, it is not possible from these measurements to be certain that biochemical unity exists among these organisms. On the other hand, the data of some of the amino acids of a series of organisms are shown in Table 3 . In spite of variations among the cultures, there are consistent relationships. The carbons of the carboxyl groups of aspartic and glutamic acids are always markedly heavier than the remainder of these molecules. In all instances, the carboxyl group of leucine is lighter than that of any other amino acid. The average for total glutamic acid of six organisms is 5 = -17.1; that of corresponding a carboxyl carbons of glutamic acid is 5 = +0.2. In contrast, the average for total leucine is 5 = 628 BIOCHEMISTRY: ABELSON AND HOERING PROC. N. A. S.
-21.8, while that for carboxyl of leucine is a =-18.2. Such substantial differences for the values of the respective carboxyl carbons is indicative of drastic differences in the corresponding pathways of synthesis-a theme that will be discussed more fully later. In photosynthesis, a large number of chemical events occur simultaneouslysynthesis of carbohydrates, proteins, and lipides. Chlorella is capable of growing in the dark using glucose as a carbon and energy source. It was instructive to examine isotope fractionation in such an organism without photosynthesis occurring.
For comparison, a culture of Jscherichia coli was also grown using glucose as an energy source.
Chlorella pyrenoidosa growing in the light on an inorganic medium with CO2 was transferred to a medium of the same inorganic salts with 5 per cent glucose added. In the light, with 5 per cent C02 aeration, the alga adapted to glucose. After a good growth rate had been obtained, a small aliquot of the culture was transferred to a new glucose medium, placed in the dark and aerated with C02-free air. Just before harvesting the cells, the respired C02 was collected by passing the air stream through barium hydroxide solutions. Escherichia coli was grown aerobically in a 1-liter glucose-containing culture placed in a sealed 5-liter bottle. A portion of the gas phase was sampled for isotopic analysis of respired C02. The glucose used in the preparation of the culture medium was fermented to ethyl alcohol and carbon dioxide by yeast in a nitrogen atmosphere. The evolved C02 was swept into bariuth hydroxide solution by the stream of C02-free nitrogen. After a few per cent reaction, the alcohol-water solution was distilled off and oxidized to acetic acid by alkaline permanganate. The acetic acid was distilled off, neutralized, and evaporated to dryness. The resulting sodium acetate was combusted to carbon dioxide. The precipitated BaCO3 was converted to C02 by treatment with 100 per cent phosphoric acid. If the average six carbon atoms of glucose are assigned 5 = 0, the C02 measured -3.4 and the ethyl alcohol measured -2.8. It was also determined that there is only a small isotope effect in the decarboxylation of pyruvate by yeast extract. For the manometric determination of pyruvic, the procedure of Umbreit, Burris, and Staufferl4 wa$ followed, and the C02 evolved after 5 per cent reaction was compared with that evolved after 100 per cent reaction. The ratio of the rates of decarboxylating C12 and C03 carboxyl groups of pyruvic acid was found to be 1.0020. The simplest explanation of these results is that glucose does not have large differences in the isotope ratios in the individual carbon atoms and that the Embden-Meyerhof reactions do not have a large carbon isotope effect.
The cells of the glucose-grown Chlorella pyrenoidosa and E. coli were fractionated as described previously and combusted to C02. If the average of the carbons in the glucose is assigned 5 = 0.0, the results obtained for Chlorella pyrenoidosa and E. coli were, respectively: total cells, -0.1, -1.9; lipides, -7.0, -7.0; total amino acids, 0.0, -1.8; carboxyl groups of total amino acids, -2.1, 3.8. The values for the individual amino acids are shown in Table 4 .
The isotope ratios of the carboxyls of most of the amino acids do not differ greatly from the remainder of the molecules, which in turn have about the same ratio as the input glucose. The striking features are the low C03/C12 ratio of lipides and a perhaps surprisingly light value for the carboxyl group of leucine.
One means of examining steps in the fixation of carbon dioxide in photosynthesis and the effect of respiration is to study release of this gas from organisms in the dark following exposure to light. Five liters of a culture containing about 1 gram, dry weight, of Chlorella pyrenoidosa was centrifuged and suspended in 200 ml of fresh culture medium. The suspension was placed in the dark, stirred with a magnetic stirrer, and swept with a stream of C02-free air. The evolved CO2 was collected in a cold trap cooled with liquid nitrogen. Periodically, the collected fractions were removed and dried, the volume was measured, and the gas was admitted to the mass spectrometer for isotope analysis. The results of such an experiment are shown in Figure 1 . A culture of algae, grown on C02 with 5 = Oandhaving average +1c l carbon in the cells of 5 =-19, respired C02 of 5 > 0. 5 The amount of CO2 collected in the first 24 hours of the experiment was a total of 26.6 ml n (STP), representing about 2 per cent of the carbon present. -10 The experiment was followed for several days. The C13 -15 content of the respired C02 gradually approached that of the total cells. This C13-enriched fraction is probably a°5 lo , and the evolved C02 was swept into a cold trap. The volume of the gas was 0.9 ml (STP), and it had 5 = +6.7. In a similar experiment, when the cells were acidified with 0.1 M H2SO4, 0.4 ml of C02 was collected with S = +5.8. It was determined experimentally that when CO2 and HCO3-are brought into isotopic equilibrium, the HCO3-is enriched in C13. The equilibrium constant for the reaction Table 3 is depleted in C" compared with the source carbon. In this respect, our observations are in agreement with those of earlier work. The most comparable study is that of Park and Epstein.3' 4 They examined the C"3/C12 ratios of marine organisms (green algae, red algae, brown algae, and mixed phytoplankton) and those of four land plants. In all instances, the lipide fraction had relatively less C" than the whole plant, with an average difference of 6 = 5.7. Our values displayed in Table 2 agree well with those reported by Park and Epstein on algae with respect to both the total plant and to the lipide fraction.
One experiment performed by Park and Epstein was particularly interestinga determination of the isotope effect when CO2 is fixed in the enzymatic carboxylation of ribulose 1,5-diphosphate. Earlier, Calvin and Bassham" had shown that this step, which yields two molecules of 3-phosphoglyceric acid, is a principal CO2 fixation reaction in photosynthesis. Park and Epstein observed that C'2-containing molecules reacted 1.017 times as fast as C" molecules, giving rise to a a = -17.
Our studies of growth of Chlorella and E. coli on glucose permit us to examine isotopic fractionations in biosynthetic activities other than those involved in making carbohydrate. With the exception of the lipides and the carboxyl carbon of leucine, the ratios do not deviate much from input material. This finding supports the thesis that most of the isotope fractionation in photosynthesis occurs in the carbohydrate-forming process and specifically in the ribulose diphosphate step. The tendency of lipides to have a lower C13 concentration than other parts of the cells of the organisms grown on glucose agrees with the findings on photosynthetic organisms and establishes isotope fractionation in the biosynthesis of lipides as a general phenomenon.
The absence of a major difference between carboxyl carbons of aspartic and glutamic acids and the other carbons of most of the other amino acids of the organisms grown heterotrophically contrasts with the findings in photosynthetic growth. The existence of substantial amounts of carbon of different and heavier character in carboxyl carbons of photosynthesizing algae suggests that part of the carbon enters the protoplasm by biochemical pathways other than ribulose diphosphate. Our observations are consistent with a broadly occurring biochemical pattern of CO2 fixation via the citric acid cycle, and the values obtained in studies of aspartic acid, glutamic acid, and arginine may be rationalized in the light of observations that have been made on a large number of organisms.
In studies of the uptake of C1402 by E. coli, Torulopsis utilis, and Neurospora crassa, Roberts, Abelson, Cowie, Bolton, and Britten'6 found that CO2 was incorporated into the carboxyl group of aspartic and glutamic acids. In turn, aspartic acid provided moieties supplying part or all of the carbon chains of a amino adipic acid, isoleucine, lysine, methionine, and threonine, while arginine and proline were related to glutamic acid. Others have demonstrated incorporation of C1402 into aspartic and glutamic acids in a number of heterotrophic microorganisms and in metazoans including even the vertebrates. Using C14-labeled compounds, Vogel17 has surveyed biosynthetic activities of a large variety of molds, bacteria, Euglena, Chlorella, and higher plants. The tracers employed were C-3-labeled aspartate, C-4-labeled aspartate, C-1-labeled alanine, and C-2-labeled acetate. He especially studied synthesis of lysine but also observed radioactivity in all members of the aspartic and glutamic families. His findings are in agreement with the existence of a citric acid cycle in the large number of biological materials he has examined. This cycle involves condensation of CO2 from the medium with pyruvate and subsequent utilization in synthesis, and the C02-carbon ultimately appears as the a carboxyl of glutamic acid, as the a carbon of aspartic acid, and partly in the a carboxyl of aspartic acid. Results from our studies of heterotrophically grown Chlorella and E. coli show that this biological fixation of CO2 does not involve a sizable fractionation of carbon isotopes. Our observations on the carbon isotope ratios in photosynthetic organisms are consistent with utilization of the citric acid cycle by these organisms as an independent mechanism for CO2 fixation. This mechanism explains only part of our observations on carboxyl carbons of amino acids, however. One important question in the study of photosynthesis is the relative quantitative importance of pathways by which CO2 is fixed. Calvin has stated that most of the carbon enters via the ribulose diphosphate pathways. His conclusions have been challenged by Warburg,"8 who considers that a pathway involving the a carboxyl carbon of glutamic acid is predominantly important. Our findings coupled with those of Park and Epstein are essentially in accord with the views of Calvin.
Another possible similarity of the synthetic mechanisms of Chlorella to those of other organisms is in the formation of arginine. In E. coli, it is known that the five-carbon ornithine moiety of arginine is derived from glutamic acid and that the a carboxyl carbon of these two substances has an identical origin. Isotope values indicate that the same situation prevails in Chlorella. Thus, the ratios of the corresponding a carboxyl carbons are alike, and those of the remainder of the fivecarbon chains are in agreement.
The origin of the guanidine carbon of arginine is an interesting topic. In C14 studies of E. coli this atom had a high specific activity, and it seemed obvious that the C1402 tagging this carbon was incorporated directly from the medium and by a path different from that involved in the Krebs cycle.
Arginine was isolated from Chiorella pyrenoidosa grown in a mass culture and split by the enzyme arginase. The resultant urea and ornithine were isolated by ion-exchange chromatography and combusted to CO2 for isotopic analysis. The value for ornithine was 3 = -15.2; that of the urea (originally guanadino carbon) was 6 = + 7.1. The values noted for the guanidino carbon fixed by photosynthetic organisms are particularly significant in the light of this observation. The C13/C12 ratio of this carbon differs markedly from that of any carbon of Chlorella we have examined. On the other hand, it was noted that this isotope abundance was comparable to that of the metabolic pool of CO2 found in this organism.
Isotopic fractionation by living matter is not an easy subject of study. In principle, much information about synthetic pathways could be derived from isotopic measurements as illustrated by our speculation regarding the relationship of arginine and glutamic acid. This particular type of question, however, is perhaps most easily studied by using C14 tracers. But there is a class of problem that is uniquely accessible only to measurements of natural fractionation. This can be illustrated by considering a relationship of the lipides to the carbohydrates and proteins. The lipides are derived from carbon fixed initially to ribulose diphosphate. An additional isotope fractionation process must be involved, however, for the lipides are lighter than the carbohydrate or noncarboxyl portion of the proteins. This phenomenon is shown most clearly in the organisms supplied with glucose as the sole carbon source. If the carbon of the lipides is light, conservation laws require that some other portion of carbon is heavier. Or, stated another way, a change in isotope ratios implies the splitting of a population of molecules into two or more classes or streams. Something of this nature must occur after the fixation of the CO2 by the ribulose -diphosphate. Part of the carbon goes to the citric acid cycle, part to carbohydrate, part to lipides, and other portions elsewhere. The isotopic fractionation in the process leading to lipides is probably related to a specific physical chemical step crucially located at the point where a flow of carbon splits into two or more fractions. The isotope measurements then tell us of biosynthetic crossroads and thus potentially reveal a new type of information about -the physiology of living systems. 
